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Abstract
The possibility of observing formation of hidden-charm pentaquarks as s-channel
resonances in antiproton - deuteron collisions is discussed. It is pointed out that the
masses of the reported by LHCb pentaquark resonances in the J/ψ p channel are very
close to a special value of the mass at which formation of a pentaquark by antiproton
incident on a deuteron at rest requires exactly the same momentum of the p¯ as needed
for the formation in the s channel of the charmonium resonance in p¯p collisions with
the proton being at rest. For this reason the former process can be rather completely
described within the notion of the deuteron being a shallow bound state of two nucleons
without resorting to models describing its short-distance structure. It is argued that
a similar kinematical coincidence can be expected for (yet) hypothetical pentaquark
resonances in the ηcN channel, and that these can be sought for once antiproton -
deuterium collisions become available for experimentation.
The rapidly-growing family of exotic multiquark states containing a heavy quark-antiquark
pair, cc¯ or bb¯, has recently been expanded to baryons by the observation [1, 2] of the reso-
nances Pc(4380) and Pc(4450) in the hidden-charm pentaquark channel J/ψ p produced in
the decays Λb → J/ψ pK−. The new states received explanations in a number of theoretical
models, many of which can be found in the recent review [3]. Clearly, a further study of these
resonances as well as a search for other baryonic states of similar nature with hidden heavy
flavor present a great interest for understanding multi-quark systems. Such studies would
certainly be facilitated if other sources of the pentaquark states could be found besides the
production in the LHC environment. In particular, it has been pointed out [4, 5, 6] that the
observed pentaquark resonances should be produced in the s-channel in photoproduction on
hydrogen, i.e. in γ+ p collisions. This conclusion largely does not depend on specific models
of the ‘internal’ dynamics of the pentaquark states and is based on the mere fact of the cou-
pling of the resonances to the J/ψ p channel and the known interaction of the charmonium
state J/ψ with photon. One can readily notice then that in a similar manner the formation of
the hidden-charm pentaquarks can be effected by arranging an interaction of a nucleon with
any other state that couples to charmonium. It is the purpose of this paper to point out that
a realistic and largely model-independent possibility of producing hidden-charm pentaquarks
is offered by the collisions of antiprotons with a deuterium target, which process is possible
due to coupling of charmonium states to the pp¯ channel, e.g. J/ψ → pp¯ [7]. Furthermore,
this process is possible with other states of charmonium, e.g. it can be used for a search of
resonances in the ηc n channel, which, as will be discussed, has a certain advantage over the
J/ψ due to a significantly larger pp¯ decay width of ηc. Moreover, the discussed formation
of hidden-charm pentaquarks is not suppressed by the ‘softness’ of the deutron due to a
kinematical coincidence, thus making it plausible that actual experimental searches can be
performed by the PANDA experiment [8] at FAIR using a deuterium target.
The process discussed in this paper is schematically shown in Fig. 1. Clearly, the domi-
nant part of the wave function of the nucleons inside the deuteron, treated as a loose bound
state, can be effective only if the kinematical constraints in the graph do not require the
relative momentum of the neutron and the proton in the trangle to be large in comparison
with the inverse nucleon size. Considering the process in the rest frame of the deutron (which
frame coincides with the lab frame in a realistic experiment, e.g. in PANDA), one readily
finds that both nucleons in the triangle can be on-shell and simultaneously at rest if the mass
M of the pentaquark is related to the mass m of the charmonium state and the nucleon mass
1
dp (incoming p¯)
(cc¯)p
Pc
n
Figure 1: The graph for the hidden-charm pentaquark formation in p¯− d collision. Dashed
lines denote nucleons, the solid lines, as marked, are for the deuteron (d), the charmonium
state (cc¯) and the pentaquark Pc.
µ as M = M0(m) with
M20 (m) = 2m
2 + µ2 . (1)
(The small binding energy ǫ = −2.22MeV in the deuteron is obviously neglected in this
expression.) In particular, for the charmonium mass of J/ψ and ηc the special value of
the pentaquark mass is estimated as respectively M0(mJ/ψ) = 4.48GeV and M0(mηc) =
4.33GeV. It can be readily noted that the former of these values is quite close to the measured
mass of Pc(4450), while the latter, as will be argued below, is close to the expected mass
of a possible pentaquark resonance in the ηcN channel. With the pentaquark mass within
a certain range around the special value M0 the triangle graph of Fig. 1 is dominated by
the region of low momentum |~q| of each of the two nucleons, and the wave function of the
deuteron can be approximated by that for the free motion
φ(~q) =
√
8πκ
κ2 + ~q 2
, (2)
where κ =
√
µ|ǫ| ≈ 46MeV is the virtual momentum corresponding to the binding energy ǫ
in the deuteron. Clearly, this approximation is valid only as long as the momentum is smaller
than the hadronic scale Λ. Choosing, for an estimate Λ ≈ 200MeV, one can find that the
condition for the on-shell nucleons in the triangle to have momentum |~q| < Λ corresponds
to the range of the pentaquark resonance masses approximately 4.22− 5.0GeV for a J/ψN
resonance and approximately 4.07 − 4.81GeV for a resonance in the ηcN channel, with
the amplitude decreasing with M away from M0 toward both ends of each of these ranges.
Outside the mass range where Eq.(2) can be applied any estimate of the amplitude becomes
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dependent on the model for the short-distance wave function inside the deuteron, and in
either case the amplitude is small at those values of the mass. Thus in what follows only the
region of M sufficiently close to M0 is considered.
Furthermore, the spin and orbital partial-wave structure of the coupling of Pc to charmo-
nium and a nucleon is not known. Even the spin-orbital structure of the vertex for the decay
J/ψ → pp¯ is known only partially [9]. For this reason it would be quite premature to con-
sider various spin and orbital-momentum waves in the vertices in Fig. 1. Such consideration
involving an off-shell behavior of the vertices would be necessary for a full calculation. Here
however, for an estimate, only the absorptive part of the amplitude is evaluated, correspond-
ing to the neutron and the charmonium in the loop being on-shell. Then the kinematical
factors associated with the orbital-momentum partial waves in the Pc → (cc¯)N and the
(cc¯) → pp¯ vertices are the same as the actual on-shell decay processes, and in fact can be
absorbed in the definition of the corresponding vertices, once the rate resulting from the
mechanism of Fig. 1 is expressed in terms of the widths Γ[Pc → (cc¯)N ] and Γ[(cc¯) → pp¯].
The spin-dependent factors result in an overall factor of order one and are neglected in the
estimates discussed here. Thus in effect all involved particles are considered here as spinless.
The cross section for the process p¯ + d → Pc → anything can be evaluated using the
well known Breit-Wigner expression (see e.g. in Ref. [7], Sec. 48) in terms of the branching
fraction Br(Pc → p¯ d). At the maximum of the resonance the expression reads as
σ(p¯+ d→ Pc → anything) = 2J + 1
6
4π
k2
Br(Pc → p¯ d) , (3)
where J is the spin of the resonance and k is the c.m. momentum in the decay Pc → p¯ d:
k =
√
(M2 − µ2)(M2 − 9µ2)
2M
. (4)
The factor six in the denominator of the overall spin factor in Eq.(3) is the combined total
number of spin states for the antiproton and the deuteron. Setting, as discussed above, the
spin factor to one (the value of J is not quite known anyway), and considering that for the
pentaquark mass in the ballpark of 4.3 - 4.4GeV the value of k is approximately 1.6GeV,
one can find a simple relation for the maximum resonance cross section
σ(p¯+ d→ Pc → anything) ≈ Br(Pc → p¯ d)× 2 · 10−27 cm2 . (5)
In order to evaluate the (absorptive part of) the amplitude given by the graph of Fig. 1,
we use nonrelativistic normalization for wave functions of all the particles in the graph and
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denote as g the vertex for the decay J/ψ → pp¯ (the solid blob in Fig. 1) and as h the vertex
for Pc → (cc¯)n (the open rectangle in Fig. 1). The rates of the relevant decays are then
expressed, in the chosen normalization,1 as
Γ(J/ψ → pp¯) = |g|
2
8π
m
√
m2 − 4µ2 (6)
and
Γ(Pc → J/ψ n) = |h
2|
8πM4
(M2−m2+µ2) (M2+m2−µ2)
√
[M2 − (m+ µ)2][M2 − (m− µ)2] .
(7)
The absorptive part of the amplitude of Pc → p¯ d, given by the triangle graph of Fig. 1,
can be calculated using the wave function of the deuteron in Eq.(2) by means of ordinary
(Heitler) perturbation theory in the rest frame of the deuteron, which readily accommodates
the nonrelativistic wave function (2) as well as the relativistic motion of some of the involved
particles.2 The expression for the absorptive part A ≡ −iAbs[A(Pc → p¯ d)] reads as
A = h g
∫
π δ(E(cc¯) + En −EPc)φ(~q) d
3q
(2π)3
, (8)
where ~q is the momentum of the neutron, so that the relevant energies in the argument
of the δ function are given as: for the neutron, En =
√
~q 2 + µ2, for the (cc¯) charmonium,
E(cc¯) =
√
(~p− ~q)2 +m2 with ~p being the momentum (in the rest frame of the deuteron)
of the pentaquark (and the same as the momentum of the antiproton). Finally, EPc is the
energy of the produced pentaquark,
EPc =
M2 + 3µ2
4µ
, (9)
so that |~p| =
√
E2Pc −M2. It can be noticed that the momentum ~p and the energy EPc of the
pentaquark are rather large: at M ≈ 4.4GeV one finds |~p| ≈ 3.8GeV and EPc ≈ 5.8GeV.
1In the relevant kinematics some of the particles in the process are in fact relativistic, e.g. the incoming
antiproton. This behavior is accounted for by the appropriate extra energy-dependent factors, e.g 2Ep
in the equations (6) and (7) in comparison with the standard expressions resulting from the relativistic
normalization of the wave functions to 2E. Also one can notice, as already discussed, that the factors g and
h generally depend on kinematic variables which dependence however is the same in the absorptive part of
the graph of Fig. 1 and in the on-shell decays.
2This calculation is similar to those described in Refs.[10, 11, 12] and is equivalent (for the purpose of
present treatment) to a calculation in a Lorentz-invariant form [13] based on the Weinberg’s formula [14] for
the invariant coupling of a shallow bound state to its constituents.
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For further calculation it is convenient to choose the z axis of the coordinate system along
the momentum ~p and denote p3 = p, and to consider separately the longitudinal component
q3 of the vector ~q and its transverse part ~q⊥. The integration in Eq.(8) over the transverse
part can be used to remove the δ function:
∫
δ(E(cc¯) + En −EPc) d2q⊥ = 2π E(cc¯)En
EPc
, (10)
where the value of q⊥ is found from the energy conservation equation√
(p− q3)2 + q2⊥ +m2 +
√
q23 + q
2
⊥
+ µ2 −EPc = 0 . (11)
Clearly, this equation has a solution for q2
⊥
in the domain, where the expression in the l.h.s is
negative at q⊥ = 0, which requires that q3 > Q with Q being the solution for the boundary
of this domain, √
(p−Q)2 +m2 +
√
Q2 + µ2 −EPc = 0 . (12)
The remaining in Eq.(8) integration over q3 runs to the right from q3 = Q:
A = h g
E(cc¯)En
EPc
√
κ
2π
∫
∼Λ
Q
dq3
q2
⊥
+ q23
, (13)
where the peripheral wave function (2) is used. The integral in the latter formula converges
at large q3 and by itself does not require an ultraviolet cutoff Λ. However, as previously
discussed, the expression for the wave function is applicable only for sufficiently small mo-
mentum: |~q| < Λ. Thus the discussed calculation can be justified only if the absolute value
of |Q| satisfies the same condition, and this criterion is used in the quoted above estimate
of the range of applicability in terms of the pentaquark mass. It can be also noted that the
condition Q = 0 defines the special value of the pentaquark mass in Eq.(1).
The components of the momentum ~q are much smaller than all other quantities in Eq.(11).
Therefore one can simplify the equation by expanding the l.h.s to the second order in these
components resulting in the equation (11) taking the form
q2
⊥
(√
p2 +m2 + µ
)
+
(
q23 −Q2
) (√
p2 +m2 + µ
m2
p2 +m2
)
− 2 (q3 −Q)µ p = 0 , (14)
which relation defines q2
⊥
in the integral in Eq.(13) as a function of q3. Using the solution
for the latter equation, one readily finds the integral in the logarithmic approximation:
A ≈ h g
√
p2 +m2
EPc
√
κ
2π
√
p2 +m2 + µ
2 p
log
[
2Λ p µ√
p2 +m2 (κ2 +Q2)
]
, (15)
5
where, using the approximation of small Q, the factors E(cc¯) and En from Eq.(10) are replaced
by their values at Q = 0, i.e. respectively by
√
p2 +m2 and µ.
The formula (15) describes only the absorptive part of the amplitude of the decay Pc →
p¯ d. However, given the unresolvable at present uncertainty in evaluating the dispersive part,
the best that could be done is to make an estimate of the rate including only the absorptive
contribution:
Γ(Pc → p¯+ d) ≈ |A|
2
4π
k (M4 − 9µ4)
M3
, (16)
where k is the c.m. momentum in the decay and is given by Eq.(4).
Using in the expression (16), the result in Eq.(15), and determining the factors g and h
from the Eqs. (6) and (7), one thus finds the following somewhat lengthy formula for the
branching fraction entering Eq.(5) for the cross section
Br(Pc → p¯+ d) ≈
Br[Pc → (cc¯) + n] Γ[(cc¯)→ pp¯ ] (M
2 − 3µ2) (M4 − 10M2µ2 + 16m2µ2 + 9µ4)
m
√
m2 − 4µ2 (M4 −m4 + 2m2µ2 − µ4)(M2 + 3µ2) ×
[4µ2 + (M4 − 10M2µ2 + 16m2µ2 + 9µ4)1/2]2
(M4 − 10M2µ2 + 9µ4)1/2 (M4 +m4 + µ4 − 2M2m2 − 2M2µ2 − 2m2µ2)1/2 κL
2 , (17)
with the logarithmic factor L given by
L = log
[
2Λ p µ√
p2 +m2 (κ2 +Q2)
]
= log
[
2Λµ(M4 − 10M2 µ2 + 9µ4)1/2
(M4 − 10M2µ2 + 16m2µ2 + 9µ4)1/2 (κ2 +Q2)
]
,
(18)
and the momentum p is expressed as p =
√
E2(cc¯) −M2. The formulas (17) and (18) take a
remarkably simple form for the special value of the pentaquark mass given by Eq.(1) and
corresponding to Q = 0:
Br(Pc → p¯+d) ≈ Br[Pc → (cc¯)+n] Γ[(cc¯)→ pp¯ ] 8 (m
2 − µ2) κ
3m (m2 − 4µ2)3/2 log
2
[
2Λµ (m2 − 4µ2)1/2
mκ2
]
.
(19)
Given that the full expressions only moderately depend on M near the special value M0, the
latter simplified formula can be used instead for approximate estimates of the cross section
in Eq.(5). Proceeding in this way one finds for a pentaquark resonance in the J/ψ channel
the estimate
Br(Pc → p¯+ d) ≈ 0.6Br(Pc → J/ψ+n) Γ(J/ψ → pp¯ )
µ
≈ 10−7×Br(Pc → J/ψ+n) , (20)
where the experimental value [7] Γ(J/ψ → pp¯ ) ≈ 0.2 keV is used. The branching fraction
for the pentaquark decay to J/ψ+N is not known. If it is in the ballpark of 10%, the latter
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estimate translates into the cross section in Eq.(5) of the order of 10−35cm2, which looks
quite challenging for the expected in the near future experimental capability.
The situation however may be more encouraging if by analogy3 with the pentaquark(s)
decaying to J/ψ+N there also exist one or more pentaquarks decaying to ηc+N , whose mass
is by about 100MeV lower, and is also close to the corresponding value M0(mηc). Applying
the same estimate (19) at the mass mηc one finds
Br(Pc → p¯+ d) ≈ 0.7Br(Pc → ηc + n) Γ(ηc → pp¯ )
µ
≈ 3× 10−5 × Br(Pc → ηc + n) , (21)
where the enhancement mostly comes from a much larger (in absolute terms) pp¯ decay
width of ηc, Γ(ηc → pp¯) ≈ 48 keV. The expected cross section in the resonance maximum
then amounts to a significant fraction of 10−32cm2 [assuming Br(Pc → ηc+ n) ∼ 10%] and ,
if such pentaquark states do indeed exist, their search appears to be quite feasible at PANDA
provided that a deuterium target can be used.
In summary. The formation of hidden-charm pentaquark resonances in p¯ + d collisions
is possible with the nucleons moving slowly inside the deuteron due the masses of the pen-
taquark, charmonium and the nucleon being close to a special kinemtic relation [Eq(1)]. The
cross section of this process is evaluated by estimating the absorptive part of the amplitude.
The numerical value of the expected cross section at the resonance maximum depends on
the unknown branching fraction for the decay of pentaquark to charmonium and a nucleon,
Br[Pc → (cc¯) + n]. If this fraction is of order 10% the cross section for formation of the
resonances in the channel J/ψ+N (in particular, the ones reported by LHCb) is likely quite
small, in the ballpark of 10−35cm2, and may require a significan effort to be observed with
the PANDA detector at FAIR. However if similar pentaquark states decaying to ηc +N do
exist, their formation cross section is estimated to be much larger, due to the much larger
pp¯ decay width of ηc, so that such resonances can be realistically sought for at a luminosity
of order 1032cm−2c−1 for antiproton collisions with a deuterium target.
This work is supported in part by U.S. Department of Energy Grant No. de-sc0011842.
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